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►  Carbon  pre-coating  process  combined  with  ball  milling. 

►  Smaller  particles  and  narrower  particle  size  distribution  of  NC-LTO. 

►  The  NC— LTO  exhibits  obvious  high  rate  capability  and  cycle  stability. 
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Nitrogen-doped  carbon  coated  Li4Ti50i2  (NC-LTO)  nanocomposite  as  an  anode  material  for  lithium-ion 
batteries  (LIBs)  is  prepared  with  acetyl  glucosamine  as  carbon  source  by  pre-coating  process  combined 
with  ball  milling.  X-ray  diffraction,  field  emission  scanning  electron  microscopy,  transmission  electron 
microscopy  and  X-ray  photoelectron  spectroscopy  are  used  to  characterize  the  NC— LTO  materials.  The 
results  show  that  NC— LTO  samples  exhibit  the  obvious  improvements  in  rate  capability  and  cycling 
performance  compared  with  the  LTO  samples  coated  by  carbon  (C-LTO)  derived  from  sugar  and  pure 
LTO  samples.  The  carbon  pre-coating  process  could  significantly  decrease  the  agglomeration  of  Ti02 
precursors  and  the  uniformly  coated  nitrogen-doped  carbon  increase  the  interfacial  stability  and  electric 
conductivity  of  LTO.  At  the  charge-discharge  rate  of  0.2  C,  5.0  C  and  10.0  C  and  20.0  C,  the  discharge 
capacities  of  NC-LTO  samples  are  167.4, 146.3, 133.4  and  128.2  mAh  g_1,  respectively.  After  1000  cycles  at 
1  C,  its  capacity  retention  is  95.9%  with  nearly  ignored  capacity  fading. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  growing  concerns  over  limited  oil  resources  and  environ¬ 
mental  issues,  the  need  for  clean  and  efficient  energy  storage  has 
directed  a  global  trend  [1-5].  Lithium  ion  battery  technology  has 
attracted  considerable  attention  owing  to  great  potential  to  revo¬ 
lutionize  the  transportation  industry  [6-8].  However  the  current 
lithium-ion  battery  is  handicapped  by  several  critical  disadvantages 
for  large-scale  applications  for  hybrid  electric  vehicles  (HEVs)  and 
electric  vehicles  (EVs),  including  low  power  density,  short  cycling 
life  and  safety  hazards  [2,7,8].  Therefore,  the  search  for  electrode 
materials  with  enhanced  performance  becomes  one  of  the  most 
important  issues.  Among  the  myriad  electrode  materials  that  have 
been  studied,  spinel  Li4Ti50i2  is  an  auspicious  candidate  in  lithium 
ion  batteries  [9].  Compared  with  the  general  graphitic  carbons 
anode  materials,  spinel  Li4TisOi2  exhibits  a  flat  and  a  relatively  high 
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lithium  insertion/extraction  voltage  at  about  1.55  V  (vs.  Li/Li+) 
during  charge  and  discharge,  thus  the  formation  of  SEI  layers  and 
electroplating  of  lithium  is  avoiding  [10].  Moreover,  the  spinel 
LUTisO^  shows  excellent  cycle  life  due  to  the  negligible  volume 
change,  therefore  it  has  been  considered  as  a  zero-strain  material 
[11-16].  Besides,  the  spinel  Li4TisOi2  has  the  high  thermal  stability, 
especially  at  elevated  temperature.  Unfortunately,  Li4Ti50i2  also 
suffers  from  poor  electronic  conductivity  (10-13  S  cm-1)  because  of 
empty  Ti  3d-states  with  a  band  gap  energy  of  2-3  eV  results  in  an 
insulating  character  (electronic  conductivity  <10-13  S  cm-1)  to  this 
material,  which  are  the  main  problem  that  the  electrochemical 
properties  of  Li4Ti50i2  cannot  commendably  meet  the  requirements 
of  the  practical  application  [17]. 

To  circumvent  the  above  drawbacks  of  Li4Ti50i2,  several  effec¬ 
tive  approaches  have  been  proposed,  such  as  nanosization  [18-21  ], 
surface  modification  and  doping  with  metal  or  non-metal  ions  in  Li, 
Ti  or  O  sites  [22-24].  Decreasing  the  material  particle  size  could 
reduce  the  Li+  diffusion  path  and  hence  improve  the  rate  capability 
of  electrode  materials.  Surface  modification  by  coating  conductive 
species  including  Ag,  carbon  materials,  Sn02  and  TiN,  etc  [25-27], 
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which  improves  the  surface  electronic  conductivity  and  the  electric 
contact  between  particles  and  conducting  agents,  thus  improves 
electrochemical  performance  [28].  Our  previous  work  has  shown 
that  with  the  doping  of  transition  metal  Nb,  the  electronic 
conductivity  and  electrochemical  performance  of  LLfTisO^  nano¬ 
fibers  was  significantly  improved  [29].  Recently,  a  surface  modifi¬ 
cation  with  nitrogen-doped  carbon  has  attracted  wide  attention.  It 
has  been  reported  that  nitrogen-doped  carbon  possesses  many 
active  defects  which  is  beneficial  for  Li+  diffusion.  Hu  and  Dai’s 
groups  have  recently  used  ionic  liquids  as  precursors  for  the 
formation  of  nitrogen-doped  carbon  coatings  on  the  electrode 
materials  [30,31  ].  With  a  thin  uniform  coating  layer  formed  on  the 
surface  of  the  materials,  their  electrochemical  performances  were 
improved  prominently.  While,  with  the  consideration  of  the 
production  cost  and  complexity,  new  precursors  and  methods  still 
need  to  be  research. 

In  this  paper,  we  exploited  a  facile  route  to  prepare  nitrogen- 
doped  carbon  coated  Li4Ti50i2  nanocomposite  by  a  carbon  pre¬ 
coating  process  combined  with  ball  milling  which  could  make  the 
samples  more  homogeneous  over  primary  particles.  The  acetyl 
glucosamine  was  used  as  a  carbon  precursor,  which  contains 
elements  of  C,  O,  N,  and  H.  The  effects  of  carbon-free,  carbon  and  N- 
doped  carbon  coatings  on  the  electrochemical  performance  of 
Li4Ti50i2  were  investigated  in  detail.  Such  homogeneous  distribu¬ 
tion  of  the  nitrogen-doped  carbon  and  nano  particle  size  afford 
a  much  better  electrochemical  performance,  including  an  excellent 
rate  capability  and  higher  capacity. 

2.  Experimental 

2.1.  Synthesis 

All  of  the  reactants  and  solvents  were  of  analytical  grade  and 
used  without  further  purification.  The  NC-LTO  was  synthesized  by 
using  commercial  crystalline  anatase  titania  powders  as  raw 
materials  and  the  N-doped  carbon  was  derived  from  acetyl 
glucosamine.  Typically,  certain  amounts  of  Ti02,  acetyl  glucosamine 
and  zirconia  balls  were  mixed  in  alcohol  and  stirred  by  a  planetary 
mill  at  a  speed  of  400  rpm  for  2  h.  The  homogeneously  mixed 
slurries  were  heat  treated  at  500  °C  for  4  h  under  N2  atmosphere  for 
carbonization  of  acetyl  glucosamine  after  drying  with  an  infrared 
lamp.  Then  the  resulted  carbon-coated  Ti02  was  ball  milled  in 
alcohol  using  the  same  speed  with  stoichiometric  amounts  of 
U2CO3  for  4  h.  Finally,  the  resulting  slurry  was  dried  and  furthered 
calcined  at  800  °C  for  10  h  under  N2  atmosphere.  For  comparison, 
the  C-free  and  C-LTO  (using  sugar  instead  of  acetyl  glucosamine) 
samples  were  prepared  using  the  same  process. 

2.2.  Characterization 

The  microstructural  properties  of  the  resultant  samples  were 
obtained  using  emission  scanning  electron  microscopy  (SEM, 
HITACHI  S-4800)  and  high-resolution  transmission  electron 
microscopy  (TEM,  JEOL  JEM-2010).  The  crystal  structure  was  char¬ 
acterized  by  X-ray  diffraction  (XRD)  (Bruker  D8  advance)  with  Cu  Ka 
radiation.  Thermogravimetric  (TG)  analyses  were  performed  on  a  TG 
instrument  (NETZSCH  STA  409  PC)  using  a  heating  rate  of  5  °C  min-1 
in  an  air  atmosphere  from  30  °C  to  900  °C.  The  X-ray  photoelectron 
spectroscopy  (XPS)  analysis  was  performed  on  a  Perkin-Elmer  PHI 
550  spectrometer  with  Al  Ka  (1486.6  eV)  as  the  X-ray  source. 

2.3.  Electrochemical  characterizations 

Electrochemical  evaluations  were  carried  out  by  galvanostatic 
cycling  in  a  CR201 6-type  coin  cell.  The  working  electrodes  were 


formed  by  mixing  80  wt.  %  active  materials,  10  wt.  %  carbon  black, 
10  wt.  %  polyvinylidene  fluoride  (PVDF)  dissolved  in  N-methyl 
pyrrolidinone  (NMP)  and  pasting  the  mixture  on  an  aluminum  foil 
current  collector.  Afterward,  the  electrode  was  dried  under  vacuum 
at  110  °C  for  12  h.  The  cells  were  assembled  with  the  cathode  as 
prepared,  lithium  metal  as  anode  and  polypropylene  (PP)  film  as 
separator.  The  electrolytes  were  1  mol  L-1  LiPFg  solution  in  a  1:1 
(V:V)  mixture  of  ethylene  carbonate  (EC)  and  dimethyl  carbonate 
(DMC).  All  the  Test  cells  assembly  process  was  in  an  argon-filled 
glove  box.  Galvanostatically  charge-discharge  experiments  were 
performed  at  different  current  densities  between  1.0  and  2.5  V  (vs. 
Li/Li+)  using  a  CT2001A  cell  test  instrument  (LAND  Electronic  Co.). 

3.  Results  and  discussion 

3.1.  Structural  characterizations 

The  high  crystallinity  and  phase  purity  of  the  as-prepared  pure 
LTO,  C-LTO  and  NC-LTO  are  distinctly  demonstrated  by  X-ray 
diffraction  (XRD).  As  illustrated  in  Fig.  1,  the  identified  peaks  at 
26  =  18.4,  35.6,  43.3,  47.4,  57.2,  62.8,  66.1,  74.4  and  75.4°,  corre¬ 
sponding  to  (111),  (311),  (400),  (331),  (333),  (440),  (531),  (533)  and 
(622)  planes  of  a  face-centered  cubic  spinel  Li4TisOi2  with  the 
Fd3m  space  group  respectively  which  can  be  perfectly  indexed  to 
JCPDS  card  no.  49-0207.  It  is  remarkable  to  note  that  in  the  case  of 
C-LTO  and  NC-LTO,  the  addition  of  sugar  and  acetyl  glucosamine 
has  no  effect  on  the  crystal  structure  of  spinel  LTO.  Besides,  there  is 
no  obvious  carbon  detected  in  the  XRD  pattern,  which  is  most  likely 
due  to  the  low  content  and/or  the  amorphous  structure  of  carbon. 
While  thermogravimetric  (TG)  analysis  in  Fig.  2  verify  the  presence 
of  carbons  in  the  C-LTO  and  NC-LTO  samples,  and  the  result 
demonstrate  that  the  two  samples  almost  have  the  same  chemical 
composition  of  approximately  94.8%  Li4Ti50i2  and  5.2%  carbon. 

The  morphology  of  the  prepared  pure  LTO,  C-LTO  and  NC-LTO 
samples  is  investigated  by  SEM.  Fig.  3  shows  the  SEM  images  of  the 
pure  LTO,  C-LTO  and  NC-LTO  samples  obtained  at  800  °C  for  10  h. 
As  seen  in  the  images,  the  morphology  of  the  pure  LTO  samples 
(Fig.  3a)  is  disordered  and  the  particles  size  distribution  is  rather 
wide  ranging  from  50  to  400  nm.  However,  the  typical  size  of  the 
prepared  C-LTO  and  NC-LTO  is  uniform  and  in  a  narrow  range  50- 
200  nm  (which  is  measured  using  the  dynamic  and  static  light¬ 
scattering  detector)  as  seen  in  Fig.  3b  and  c  respectively. 

To  further  examine  the  architecture  of  the  pure  LTO,  C— LTO  and 
NC— LTO,  the  samples  are  investigated  by  TEM  as  seen  in  Fig.  4.  It 
can  be  clearly  seen  that  the  NC-LTO  (Fig.  4a,  b)  and  C-LTO  (Fig.  4c) 
samples  are  coated  by  a  thin  carbon  layer,  and  the  surface  of  the 
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Fig.  1.  Typical  XRD  patterns  of  pure  LTO,  C-LTO  and  NC-LTO. 
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Fig.  2.  TG  curves  of  the  NC-LTO  and  C-LTO  measured  from  30  to  900  °C  in  air  flow 
with  a  heating  rate  of  5  °C  min-1. 


Fig.  3.  SEM  images  of  pure  LTO  (a)  C-LTO  (b)  and  NC-LTO  (C). 


pure  LTO  (Fig.  4d)  is  quite  smooth.  The  presence  of  the  surface 
carbon  layer  for  NC— LTO  and  C— LTO  resulting  from  carbonization 
of  acetyl  glucosamine  and  sugar  respectively,  it  can  restrain  the 
growth  of  the  Li4Ti50i2  crystalline  grains  during  solid-state  sin¬ 
tering  and  thereby  control  their  size  on  the  nano-meter  scale,  as 
observed  in  the  SEM  images  of  Fig.  3b  and  c.  Meanwhile,  the 
uniform  distribution  of  carbon  could  also  decreases  the  degree  of 
agglomeration  of  the  particles  and  establishes  a  conductive 
network  through  the  whole  material  which  is  favorable  for  lithium 
ion  transport  across  the  interface  between  the  active  materials  and 
electrolyte  [25].  The  HRTEM  image  (see  Fig.  4b)  clarifies  the  crystal 
structure,  with  an  interplanar  spacing  revealed  of  approximately 
0.48  nm  between  neighboring  [111]  planes  of  spinel-type  NC-LTO. 

The  XPS  survey  spectra  of  NC-LTO,  C-LTO  and  pure  LTO 
samples  are  shown  in  Fig.  5a.  It  can  be  clearly  to  see  that  a  new  peak 
at  around  399  eV  which  can  be  ascribed  to  N 1  s  was  appeared  in  the 
NC-LTO  survey  spectra,  while  it  cannot  be  detected  for  the  C— LTO 
and  pure  LTO  samples,  suggesting  the  presence  of  N  in  NC-LTO 
samples.  Moreover,  the  intensity  of  the  C  Is  peak  in  the  obtained 
pure  LTO  samples  are  much  lower  than  the  NC-LTO  and  C-LTO 
samples,  which  is  owing  to  the  carbon  coating  on  their  outer 
surface.  The  elemental  C  in  pure  LTO  may  be  ascribed  to  residual 
carbon  from  its  precursor  and  adventitious  hydrocarbons  from  the 
XPS  instrument  itself  and  it  was  also  reported  elsewhere  [32]. 
Fig.  5b  shows  the  typical  high-resolution  XPS  spectra  of  N  1  s  for  the 
NC-LTO.  The  two  peaks  at  around  398  and  401  eV  was  corre¬ 
sponded  to  C-N  and  C=N  respectively  [33].  According  to  the  ref 
[28],  the  appearance  of  the  C-N  and  C=N  could  lead  to  defects  in 
the  graphite  structure  and  the  existence  of  defects  introduced  by  N- 
doping  would  be  beneficial  for  Li+  diffusion  in  the  interface. 
Besides,  the  peak  at  around  397  eV  was  belonged  to  Ti-N  [34], 
perhaps  caused  by  the  Ti-N-C-like  species  [31]. 

The  elemental  analysis  (CFIN-O-Rapid)  was  used  to  detect  the 
detail  compositions  of  the  prepared  pure  LTO,  C-LTO  and  NC-LTO 
samples.  The  result  was  summarized  in  Table  1.  From  the  data  of  the 
table,  it  can  be  seen  that  the  mass  ratio  of  the  element  C  of  the  C— 
LTO  and  NC-LTO  samples  was  appropriate  5.2%,  which  was 
consistent  with  the  TG  result.  The  mass  ratio  of  the  element  N  of  the 
NC-LTO  sample  was  0.34%  which  demonstrate  that  the  element  N 
of  the  precursor  acetyl  glucosamine  can  be  remained  a  satisfy  value 
after  treated  at  800  °C  for  10  h. 

3.2.  Electrochemical  measurements 

Fig.  6  displays  the  typical  discharge/charge  profiles  of  the  NC- 
LTO  samples  cycled  under  different  current  density  between  the 
voltage  limits  of  1.0-2.5  V.  The  discharge  current  rates  vary  from 
0.2  C  to  20.0  C.  At  the  initial  lower  rate  of  0.2  C,  the  NC-LTO  samples 
give  a  discharge  capacity  of  167.4  mAh  g-1,  which  is  close  to  its 
theoretical  capacity  of  175  mAh  g-1.  Moreover,  the  sample  shows 
a  very  flat  charge/discharge  plateau  at  the  potential  of  around 
1.55  V  (vs.  Li/Li+),  which  corresponded  to  the  reversible  phase 
transition  between  Li4Ti50i2  and  Li7Ti50i2  [35].  As  the  discharge- 
charge  rate  increases  from  1.0  C  to  20.0  C,  the  discharge  capac¬ 
ities  of  NC-LTO  samples  were  slightly  reduced  and  it  delivered 
160.3, 157.1, 146.3, 137.4, 133.4, 128.2  mAh  g“’  at  the  rate  of  1.0  C, 
2.0  C,  5.0  C,  8.0  C,  10.0  C  and  20.0  C,  respectively.  It  is  noteworthy 
that  even  at  the  high  rate  of  20.0  C,  the  NC-LTO  samples  still  shows 
capacity  retention  as  high  as  76.6%,  demonstrating  a  remarkable 
rate  capability. 

Fig.  7  shows  the  discharge/charge  profiles  of  the  NC-LTO,  C— 
LTO  and  pure  LTO  samples  at  the  rate  of  1.0  C  and  the  discharge 
capacities  of  the  three  samples  are  160.5, 153.5  and  149.6  mAh  g_1 
respectively.  The  polarization  between  the  discharge  and  charge 
plateau  for  the  NC— LTO  samples  is  63  mV  which  is  much  lower 
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Fig.  4.  TEM  images  of  NC-LTO  (a),  C-LTO  (c),  pure  LTO  (d)  and  HRTEM  images  of  NC-LTO  (b)  after  calcinations  in  N2  at  800  °C  for  10  h. 


compared  to  the  C-LTO  samples  (78  mV)  and  the  pure  LTO  samples 
(146  mV).  The  lower  polarization  for  the  NC— LTO  samples  was 
attributed  to  the  better  reaction  kinetics,  which  indicates  that  the 
improved  electrical  conductivity  after  N-doped  carbon  coatings. 

Fig.  8  compares  the  rate  capability  of  the  pure  samples,  carbon- 
coated  samples  and  the  N-doped  carbon  coated  samples  with 
different  carbon  contents.  At  a  low  rate  of  0.2  C,  all  samples  deliver 
nearly  the  same  discharge  capacities,  but  the  pure  LTO  shows  a  little 
higher  capacities.  However,  at  higher  rates  of  5.0  C  and  10.0  C,  the 
discharge  capacities  of  pure  LTO  dropped  dramatically,  56.2, 
12.5  mAh  g-1,  respectively.  At  the  same  rates,  the  corresponding 
values  for  C-LTO  and  5.2%  NC-LTO  (5.2%  carbon  contents)  were 
132.1,  115.0  and  146.3,  133.2  mAh  g-1,  respectively.  Interestingly, 
the  capacities  of  the  5.2%  NC-LTO  (133.2  mAh  g-1)  at  rate  of  10.0  C 
were  a  little  lower  than  the  capacities  of  the  pure  LTO 
(149.4  mAh  g^1)  at  rate  of  1.0  C  and  higher  than  the  capacities  of  the 


C-LTO  (132.1  mAh  g-1)  at  rate  of  5.0  C.  The  carbon  contents  effect 
on  the  reversible  capacities  of  NC— LTO  was  also  studied.  As  shown 
in  Fig.  8,  when  the  carbon  contents  increased  from  5.2%  to  7.6%,  the 
reversible  capacities  did  not  show  an  improvement.  The  thickness 
of  the  coating  layer  increased  with  the  carbon  contents,  which  may 
restrict  the  efficient  charge  transfer/transport.  In  addition,  we  also 
performed  further  experiments  to  decrease  the  carbon  contents  in 
the  composite,  no  surprisingly,  the  capacities  were  reduced 
because  it  could  not  form  a  uniform  coating  layer,  thus  a  continuous 
electronic  conducting  network  being  formed  in  the  composite  is 
critical  to  improve  the  electrochemical  performance  which  was 
also  reported  elsewhere  [31]. 

Despite  the  superior  rate  capability,  the  NC-LTO  samples  also 
reveal  excellent  cycling  performance.  The  cycling  performance  of 
the  pure  samples,  carbon  and  the  N-doped  carbon  coating  samples 
at  1.0  C  in  a  half  cell  is  shown  in  Fig.  9.  In  the  case  of  NC— LTO 


_ i _ . _ i _ . _ i _ _ . _ i _ ii _ i _ . _ i _ . _ i _ . _ i _ . _ i _ 

392  394  396  398  400  402  404  406  408  410 


Binding  energy/  eV 


Fig.  5.  XPS  survey  spectrums  of  NC-LTO,  C-LTO,  pure  LTO  (a)  and  typical  high-resolution  XPS  spectra  of  N  Is  for  the  NC-LTO  (b). 
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Table  1 

Mass  ratio  of  the  element  C,  H,  N  in  the  samples. 


Samples 

C%  (mass%) 

H%  (mass%) 

N%  (mass%) 

NC-LTO 

5.13 

0.11 

0.34 

C-LTO 

5.16 

0.06 

0.00 

Pure  LTO 

0.00 

0.00 

0.00 

Fig.  6.  Galvanostatic  charge-discharge  curves  for  the  NC-LTO  between  1.0  and  2.5  V 
at  different  current  densities. 
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Fig.  9.  Cycling  performance  of  NC-LTO.  Inset:  The  cycling  performance  of  C-LTO  and 
pure  LTO. 

samples,  after  1000  cycles,  it  demonstrates  remarkable  cycling 
stability  by  delivering  the  discharge  capacity  of  153.9  mAh  g-1  with 
capacity  retention  of  95.9%.  For  the  C-LTO  samples,  the  initial 
capacity  was  153.6  mAh  g-1,  which  decreased  to  141.8  mAh  g-1 
after  1000  cycles  with  capacity  retention  of  92.3%.  However  the 
pure  samples  gave  an  initial  capacity  of  149.5  mAh  g-1  and  the 
values  reduced  to  106.6  mAh  g-1  after  200  cycles  with  capacity 
retention  of  71.3%.  This  further  confirms  the  advantage  of  the  use  of 
N-doped  carbon  as  a  coating  layer  for  LTO  electrodes. 


NC-LTO 

200 

160 

C-LTO 

^  120 
E 

£*  80 
*3 

a 

.  u  40 

.  pure-LTO 

°( 

>  200  400  600  800  1000 

Cycle  number 

_  _L  __L.  .  il_  j.  .  -1-  _i_  _ L  .  -1-  . 

Fig.  7.  The  discharge/charge  curves  of  NC-LTO,  C-LTO  and  pure  LTO  samples  at  the 
rate  of  1.0  C. 


Fig.  8.  The  rate  capabilities  of  C-LTO  and  NC-LTO  samples  compared  with  the  pure 
LTO  sample. 


4.  Conclusions 

In  summary,  we  have  demonstrated  an  efficient  approach  to 
prepare  nitrogen-doped  carbon  coating  nanosized  LLfTisO^  (NC- 
LTO).  When  evaluated  as  an  anode  material  for  LIBs,  the  NC-LTO 
samples  with  a  uniform  layer  exhibit  enhancement  of  high  rate 
capability  and  high  stability  for  lithium  storage  compared  with  the 
C-LTO  and  pure  LTO.  At  rate  of  20.0  C,  NC-LTO  samples  shows  the 
discharge  capacities  of  128.2  mAh  g-1  with  capacity  retention  as 
high  as  76.6%.  Besides,  after  1000  cycles  at  1.0  C,  the  capacity 
retention  of  NC— LTO  samples  was  95.9%  with  nearly  ignored 
capacity  fading.  The  superior  electrochemical  performance  of  NC- 
LTO  was  attributed  to  the  nanosized  LLfTisO^  particles  and 
nitrogen-doped  carbon  uniformly  coatings  that  enable  the  fast  ion 
and  electron  transport.  We  anticipate  that  such  nitrogen-doped 
carbon  surface  modified  LTO  could  be  a  promising  anode  material 
for  high-rate  lithium  ion  batteries. 
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